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Abstract- -Results are described of computations of 3-D compressible Rayleigh-Taylor instability. 
The instability is an important mixing mechanism in a variety of flows such as supernovae nd inertial 
confinement fusion. The code uses Flux Corrected Transport to solve the Euler equations of hydro- 
dynamics. Results of the simulations have been characterized by considering differing resolutions 
and in terms of growth-rates, Mach number evolution, pattern formation, and (weakly) turbulent 
structures. 
Keywords - -F lux  corrected transport, Rayleigh-Taylor instability, Compressible flow, Intel 
paragon. 
1. INTRODUCTION 
The Rayleigh-Taylor instability occurs due to the gravitational instability of a heavy fluid over- 
lying a lighter fluid. Since the interchange of a parcel of fluid in the heavier layer with one in 
the lighter layer reduces potential energy, the system is unstable to a direct mode. The (up- 
wards) penetration structure of the lighter fluid into the heavier fluid is termed a bubble, while 
conversely, that of the heavier fluid into the lighter one is termed a spike. Here we consider the 
case when both fluids are the same, the distinguishing factor being the initial density. Also unlike 
the case for incompressible, immiscible fluids, we consider fully compressible flow that allows for 
local compression of volumes elements; the interface should in principle however emain sharp, 
the smoothing depending on the diffusion of the numerical scheme. 
The instability has been studied extensively [1-10]. The interest stems from the importance 
of the Rayleigh-Taylor (and the related Richtmyer-Meshkov) instability in turbulent mixing in 
Inertial Confinement Fusion [11] and supernovae [5]. The direct simulation of three-dimensional 
compressible Rayleigh-Taylor Instability has generally not been made extensively, although some 
results are available through interface tracking via the level-set method [9]. Very high resolution 
two-dimensional calculations have been made by Fryxell [12]. 
Thanks are due to B. Fryxell for numerous conversations regarding the problem. Thanks are due to CACR for use 
of their Paragon. This work is supported by the NASA Coddard HPCC-ESS Project through Grant NAG5-2652 
to George Mason University. 
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(a) Top: growth of the spike for two resolution runs. 
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(b) Bottom: square root of the amplitude for the high resolution runs showing that 
the growth ks quadratic in time. 
Figure 1. 
We solve the Euler equations of compressible hydrodynamics using Flux Corrected Trans- 
port  (FCT) as a shock capturing scheme (which allows for the maintenance of sharp discontinu- 
ities) and are able to march to the (weakly) turbulent regime. 
2. FLUX CORRECTED TRANSPORT 
The Euler (inviscid, compressible) equations of hydrodynamics are in conservative form are 
Op 
0--7 + V-pu  = 0, 
Opu 
+ V • (p50 + puu + pgS~3), ot 
- -  1 2 (pe+l 2+p~ O. 0 (pe.-F~pu)-t-V. \ u= Ot 
(1) 
(2) 
(3) 
With the ideal gas equation of state, 
p = pnT. (a) 
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(a) Maximum and minimum of density versus time. 
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(b) Maximum and minimum of pressure versus time; both for the 642 × 256 resolution 
run (RESA). 
Figure 2. 
We use FCT  as a shock captur ing scheme to solve the above set of equations. In flux conser- 
vative form (for 1-D)[13], the equat ion 
dw df 
d-~+~ =0 
is 
At  
w? +~ = w7 - ~ ( r ,+ l /~  - F~_,i~). 
The w are interpreted as density, momentum, and the energy; i.e., in 1-D w - {p, pu, pE} and 
f =- {pu, pu s +p, puE+pu}.  The dependence of F on f is determined by the order of the scheme. 
The 3-D calculat ion is extended analogously. 
The procedure is as follows [13]. 
1. Form a low-order flux: FiL+I/2 .
2. Form a high-order f lux: FH1/2 . 
3. Form an antidiffusive flux: 
Ai+l/2 = Fi~l12 - F~I I2.  
4. Form a low-order solution: 
~ = w7 - ~ 
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(a) Absolute vertical velocity versus time (both spike and bubble axe shown). 
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(b) Maximum Mach number versus time; both for the 642 × 256 resolution run 
(RESA). 
Figure 3. 
5. Limit the antidiffusive flux to prevent spurious extrema in w~+l: 
AC~+x/2 = Ci+l/2Ai+l/2, 0 ~ Ci+l/2 ~ 1. 
Determination of the appropriate C is the critical and complex step. 
6. Update the solution 
At (AC+I/2 _ A7_1/2 ) = - 
The consistent formation of fluxes is the key first step in the procedure. For a fourth-order 
scheme [13], 
Fijk = ~-~ (fijk q- fi+l,jk) -- ~---~ (fi-l,jk q- fi+2,jk) . (5) 
The code uses second-order Runge-Kutta (modified Euler) scheme for time stepping. With this 
scheme, 
w '~+I/2 = w '~ - -~-F  (wn) ,  
W n+l :wn-A~FIwn+l /2 ) .  
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Figure 4. Run with resolution (1282 x 512) (RESB). Shown are cross-sectional views 
of the density. Left panels are orgthogonal views of each other, in the x-z plane. 
Right panels are views in the x-y plane, placed such that their centers are at the 
z-height of the left panels. 
The scheme has a weak instability along the imaginary axis, but for the length of integrations 
typically considered here it does not manifest itself. The advantage of the scheme of course is 
that only two time levels of storage are required. 
3. COMPUTATION ON THE INTEL  PARAGON 
We present he results of two calculations, both in domains of size 1/4 × 1/4 × 1, of resolution 
64 × 64 × 256 (RESA) and 128 × 128 x 512 (RESB). The top and bottom of the computational 
domain has out-flow conditions, while the gravity is directed to the bottom. 
We have performed our calculations on the Intel Paragon at Caltech using the full machine 
(512 nodes). The code has been parallelized previously [14] and the reader is referred there to 
more details of the parallelization. Briefly, the decomposition strat¢gy adopted is specialized 
towards using a large number of processors for large-scale computations. The number of vertical 
levels is at most the number of processors; thus tile horizontal dimensions are either not spread 
or are spread over a small number of processors. For the calculations presented here, the code 
obtains 2GF on the full machine. 
The z dimension is laid across processors. It is assumed that the number of processors i greater 
than or equal to the number of z grid points, i.e., np/nz -- p > 1 and p is an integer. The y 
direction is distributable across processors, when p :> 1 and ny/p is an integer. Communication 
between processors i required in three distinct parts of the code. 
1. Chief among these is at the end of a time step when guard cells on the individual processors 
need to be updated. Maximum number of words exchanged, among nonboundary pair of 
nodes is nxnyn .... where nvar = 5 (density, 3 components of momentum and energy). 
2. The low-order solution must be available on each node immediately upon calculation. 
Maximum number of words exchanged, among nonboundary pair of nodes is nxny. 
3. The limiting array must be available on each node immediately upon calculation. Maxi- 
mum number of words exchanged, among nonboundary pair of nodes is nxny. 
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Each half-step (the time stepping takes place in two half-steps) requires 1 step of (1), 5 steps 
of (2) (one for each of the variables), and 10 steps of (3) (two per variable). 
The initial conditions are that of perturbations from hydrostatic equilibrium. The density 
of the top layer is taken as P2 = 2 while that of the bottom layer is Pl = 1. Gravity is fixed 
with g = 1. Before perturbation both ideal gas layers ('~ = 5/3) are at rest. Perturbations of 2.5% 
of the initial sound speed are introduced in the vertical velocity. 1 The wavelength of the single 
mode sinusoidal perturbation was chosen to be (2/3)L (L = 1/4) in each horizontal direction, 
phased such that the spike is located in the center of the domain. 
4. RESULTS 
The general feature of the simulations i that the initial perturbation grows, the flow accel- 
erating; the spike and bubble grow to form mushroom caps. At high resolution, corresponding 
to a higher Reynolds number, the susceptibility of both the spike and the bubble to be Kelvin- 
Helmholtz unstable increases and considerable (weakly) turbulent structure merges. 
Figure 1 shows the growth for the spike for RESA measured by the motion of the tip of the 
spike. As the lower figure indicates, the interface amplitude grows as ~ t 2. After the initial 
perturbation length scale is "forgotten", the only length scale available is that of gt 2 and the 
spike falls accordingly. 
Figure 2 shows the extramae of density and pressure that are achieved. Significant fluctua- 
tions of the density are achieved. However, the pressure does not depart significantly from it's 
hydrostatic value. 
In Figure 3, the maximum speed of the spike and the bubble are shown. The Mach number 
associated with the spike is also shown. The flow is seen to be significantly compressible. 
Finally, in Figure 4, views of the density at a later time show the appearance of weakly turbulent 
structures. 
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